The aim of this study was to investigate farm-level economic and technical factors that are associated with the use of antibiotics on pig farms. Identification of such factors, like farm size and net farm result, may help to increase epidemiological knowledge and to specify farm advice and policy making to reduce inappropriate use of antibiotics. The study used over 300 farm-year records collected during 2004 to 2007 from pig farms in the Netherlands. Data included economic and technical factors as well as antibiotic administration. Data were statistically analyzed for factors associated with antibiotic use, both for fattening pig and sow farms (piglets only), separately. The response variable was the average number of daily dosages per average pig year. Statistical analysis was performed on 16 and 19 potential explanatory factors for the fattening pig and sow farms, respectively. The results showed that, both on the fattening pig and sow farms, the average use of antibiotics increased from 2004 to 2006, but decreased during 2007, but the effect of year was not significant (P > 0.05). Use of antibiotics varied between individual farms. Large farm repeatability for the use of antibiotics in the different years was found. Factors associated (P < 0.05) with the use of antibiotics included: farm system, number of pigs, and population density in the region of the farm (for sow farms only). As these factors are easy to collect and to register, they can be used to specify farm advice and investigation, as well as for policy making. The majority of the technical and economic factors were not significantly (P > 0.05) related to the on-farm use of antibiotics. Therefore, it is recommended to focus future research on the potential role of socioeconomic factors associated with antibiotic use on pig farms.
INTRODUCTION
The use of antibiotics in pig production is a public health concern because it may contribute to the development of antibiotic resistance in microorganisms. Antimicrobial-resistant, enteric, zoonotic bacteria may be transmitted from pigs to the human population, potentially resulting in human disease, which may not respond efficiently to antimicrobial treatment (Khanna et al., 2008; de Jong et al., 2009) . The use of antimicrobials as growth promotors has been associated with the transmission of resistance genes from farm animals to humans (Berends et al., 2001) . In an attempt to stop the increase or even reduce antimicrobial resistance in zoonotic pathogens, the European Commission (EC) has prohibited the use of antibiotic feed additives as growth promoters in pig production since January 2006 (European Commission, 2003) . However, it seems that the therapeutic use of antibiotics (e.g., tetracyclines) has increased in the Netherlands since 2006 (Mevius et al., 2007) . As far as the animal production chain is considered, control measures at the farm level will be most effective in reducing antibiotic-resistant pathogens (European Food Safety Authority, 2008) . In pig production, the use of antibiotics varies between individual farms (Chauvin et al., 2002; Timmerman et al., 2006) , which may, at least partly, be related to farm characteristics, such as technical and economic performance. Examples of such technical and economic farm factors are net farm result, number of piglets born alive per sow, and veterinary costs.
The aim of the current study is to investigate technical and economics-related farm factors that are associated with the application of antibiotics on pig farms (fattening pig and sow farms) in the Netherlands. Insight into these farm-related factors may help to increase epidemiological knowledge and to specify policy making and farm advice aimed at reducing the inappropriate use of antibiotics in pig production.
MATERIALS AND METHODS
Animals were treated with antibiotics according to daily practice in the Netherlands, under supervision of the local veterinarian.
Data Collection
Data were collected from farms in the Netherlands in the course of the European Farm Accountancy Data Network (FADN; http://ec.europa.eu/agriculture/). The Agricultural Economics Research Institute (LEI; The Hague, the Netherlands) collected and stored these data in the central LEI FADN database. The LEI FADN included a representative sample of approximately 1,500 agricultural and horticultural commercial farms in the Netherlands. To keep the sample representative, 10% of the sample farms were replaced yearly. Farms that contributed to FADN provided information on many different economic and technical factors on a voluntary basis. Most of the factors were derived from farm accounts. Since 2004, detailed data on animal medication has been collected from part of the LEI FADN pig farms. This study used data from the latter LEI FADN pig farms that participated in the medicinal data collection from 2004 to 2007 (study sample). For these 4 yr, full data records were available. The study sample of the LEI FADN pig farms included 69 different farms and 151 farm-year records for fattening pig farms, and 63 different farms and 155 farm-year records for sow farms. A gross list of technical and economic factors that were potentially related to the use of antibiotics, based on biology/physiology, was subtracted from the LEI FADN database and stored into an Excel (Microsoft Corporation, Redmond, WA) datasheet. This gross list included 53 and 54 factors for the fattening pig and sow farms, respectively. In the gross lists, factors were present that were derived or calculated from 1 or more other factors in the particular lists. From these factors that were, by definition, related to each other, 1 factor was chosen. This resulted in a set of 16 and 19 potential explanatory factors for the fattening pig and sow farms, respectively ( Table 1 ). The average, as well as the confidence intervals, were calculated for the values obtained for each of the factors individually. This was done for fattening pig and sow farms separately, using the corresponding study sample of LEI FADN farms and the total number of LEI FADN pig farms. The obtained average values with confidence intervals were compared between the study sample and the total sample of LEI FADN farms. In this way, the representativeness of the subsample used in this study was evaluated.
Data Processing
Use of antibiotics was expressed as the number of daily dosages per average pig year (NDD i , with i = 1, 2) and calculated for the fattening pig farms (NDD 1 ) and sow farms (NDD 2 ), separately. This response variable neither distinguishes the antibiotic type nor the disease for which a specific antibiotic was applied. The daily dosage indicates how often an animal (or kg of animal) was treated at a farm within 1 yr, and is based on a defined (registered) animal daily dose (ADD) per animal species as determined in the Netherlands. The NDD i is calculated as the total amount of treated animals (in kg) divided by the average BW of the pig on the farm times the number of pigs on a farm (Koene et al., 2009) . Average BW were used in the calculations because information on the exact BW of the pig at the time of the treatment was not available. These average BW were based on averages of the total Dutch pig population, being 12.5 kg per piglet and 70.2 kg per fattening pig (Bosma et al., 2007; Bondt et al., 2009) . For example, if on a fattening pig farm, 2 L of "medicine X" (with 40% active compounds, 400 mg/mL) was administered in 1 yr with a registered ADD of 10 mg/(kg of pig/d), then (2,000 × 400/10) or a 80,000-kg pig can be treated with this amount in 1 yr. When the farm has 150 fattening pigs with an average BW of 70.2 kg, the farm has 10,530 kg of pig yearly. Then, NDD 1 equals 80,000/10,530 = 17.1 . At the sow farms, administered antibiotics were not distinguished between the sows and the piglets. Because orally administered antibiotics were not given to sows, but to piglets only, this type of antibiotics and the piglets were considered for the sow farms (and sows and injectables were excluded). For fattening pig farms, both the orally administered antibiotics and the injected antibiotics were included in the analysis. In theory, NDD i cannot exceed 365; if greater numbers are found, this may be due the administered dose exceeding ADD.
Statistical Analyses
Potential relationships between the individual economic and technical farm factors, and use of antibiotics were statistically analyzed for fattening pig and sow farms, separately. The analyses started with, respectively, the sets of 16 and 19 potential explanatory factors and response variables NDD 1 and NDD 2 . Lorentz curves were developed for both NDD 1 and NDD 2 (Hallas and Støvring, 2006) to evaluate the distribution of the use of antibiotics. These curves were used to describe skewness in the data. In the current case of describing antibiotic use, the x-axis represented the proportion of farms ranked with respect to the use of antibiotics. Farms were ranked in order of decreasing use of antibiotics (i.e., heavy users were ranked first). The y-axis represented the equivalent proportion of antibiotic dosages that is accounted for by this part of the farms.
Steps in the consequent statistical analyses are described below and were applied individually to the 2 response variables and their corresponding sets of potential explanatory factors. First, Pearson correlation coefficients were calculated for all factors. From the explanatory factors that were correlated to each other (r > 0.60), the factor that was biologically most relevant to the use of antibiotics (based on physiology) or correlated the greatest to NDD i or both was selected. All factors that were sufficiently uncorrelated to each other (r < 0.60) were included for further selection. All possible regression models were computed, and the best set of explanatory factors was selected based on the percentage variance accounted for (R 2 adj , which represents R 2 adjusted for the number of factors in the model), Mallows' C p , and significance of the parameters (P < 0.05). Linear mixed models were fitted to the selected set of factors using REML to account for fixed and random effects (Searle et al., 1992) . A random term was included to assess the variation due to farm (between farm variance), based on the farm identity number (variance component: σ f 2 ). In this way, dependency between parts of the records due to farms participating in more than 1 yr was accounted for. The effect of year was considered a fixed effect because data represented 4 yr in a row. Selected factors were included as fixed effects in the models. Factors that were not significant in REML (Wald's test) were excluded from the models. Potential interactions between the factors in the final model were tested (P < 0.05). The interaction between farm and year was part of the random model (residual variation: σ 2 ). For the final model, the model assumptions (i.e., normality, variance homogeneity, linear relation, influence of data with high leverage or residual) were verified. All statistical analyses were done using GenStat (VSN International; http://www.vsni.co.uk/).
RESULTS

Fattening Pig Farms
Based on the set of 16 potential explanatory factors, the study sample of farms was representative for the entire LEI FADN sample of fattening pig farms (data not shown). From the 69 different fattening pig farms, 28 participated in 1 yr and 41 participated in 2 or more years of the study period. The numbers of farms per year were 41 in 2004, 35 in 2005, 29 in 2006, and 46 in 2007 . The total number of records (151 fattening pig farm-year combinations) included 80 specialized fattening pig farm-years, 54 farrow-to-finish farm-years (only fattening pigs were considered), and 17 mixed farmyears. Table 2 presents the average number of daily dosages per pig year at the fattening pig farms (NDD 1 ), both for the entire study period and per year. The overall average NDD 1 was 14.9, increasing from 11.0 in 2004 to 17.8 in 2006 and 17.6 in 2007 . The number of daily dosages varied highly between farms, from zero to a maximum of 53 per average fattening pig present. The Lorentz curve for NDD 1 is represented in Figure 1 . The curve showed to be concave, with about 10% of the farms being responsible for 30% of the antibiotics dosages.
Out of the 16 potential explanatory factors, 3 factors were excluded because of the high correlation with 1 or more other factors (just as the number of fattening pigs, these 3 factors represented a measure for farm size).
The resulting 13 factors included farm system, population density of region, average number of fattening pigs present on the farm, starting BW piglets, slaughtered BW pigs, feed conversion, concentrate price, percentage lean meat, mortality, net farm result, bedding material costs, number of man-years, and heating costs. The result of the selection of the best set of explanatory factors was a model that included farm system, number of fattening pigs present, and slaughtered BW pigs. Fitting a linear mixed model to these factors resulted in the final model that included farm system and number of fattening pigs present (Table 3 ). The effect of year, considered as a qualitative (class) factor as part of the fixed model, was not significant (P = 0.41). Because there was no trend in time over the 4 yr, the model did not improve by considering year as a quantitative (continuous) factor. There was no significant interaction between the final model factors. The estimated variance components (with SE) for the random terms were 48.85 for σ f 2 (SE 15.22) and 62.91 for σ 2 (SE 9.86) indicating that variation between farms was high and that variation within a farm over years was substantial. Validating the final model showed that the model assumptions were fulfilled.
Sow Farms
Data were available for 63 different sow farms, of which 17 participated in 1 yr of the study period; the remaining farms participated in 2 or more years. Number of farms per year were 45 in 2004, 44 in 2005, 31 in 2006, and 35 in 2007 . The total data set consisted of 155 sow farm-year combinations, including 62 farrowto-finish farm-years (only piglets were considered) and 93 specialized sow farm-years. Table 2 presents the average NDD per average piglet year at the sow farms (NDD 2 ). The overall average was 129.7, varying from the smallest average of 108.5 in 2004 to the greatest average in 2006 of 138.2. The average number of daily dosages per average piglet year varied between the sow farms, from zero at some farms to a maximum of around 400. Figure 2 presents the Lorentz curve for NDD 2 and shows that at 10% of the farms about 25% of the antibiotic dosages were administered. The study sample of sow farms was representative of the entire LEI FADN sample of sow farms (data not shown).
Out of the set of 19 potential explanatory factors, 8 factors were excluded due to high correlation with 1 or more other factors. The resulting 11 potential explanatory factors were farm system, population density of region, number of sows present, number of piglets born alive per sow, BW of piglet at selling, price of piglet at selling, concentrate use for sows, mortality of piglets, bedding material costs, breeding costs, and heating costs. The model resulting from selecting the best set of explanatory factors included farm system, population density of region, number of sows present, number of piglets born alive per sow, heating costs, and bedding material costs. The result of fitting a linear mixed model to this set of factors, also including year as a (fixed) qualitative factor, showed that 3 of these factors were significantly related to NDD 2 : farm system, population density of region, and number of sows present on the farm (Table 4) . Just like with the fattening pig model, the effect of year was not significant (P = 0.13) and the model did not improve by considering year as a qualitative factor. The interaction between farm system and number of sows present on the farm showed to be significant and, therefore, was included in the final model. Specialized sow farms used fewer antibiotics than farrow-to-finish farms, and antibiotic use on farms located in a densely populated area was greater as compared with farms located in a scarcely populated area. Number of sows present on the farm was positively correlated with NDD 2 , but the slope was steeper for farrow-to-finish farms (0.25) as compared with specialized sow farms (0.09). The estimated variance components for the random terms are 4,873 for σ f 2 (SE = 1126) and 2,198 for σ 2 (SE = 329), indicating that variation between farms is very high.
DISCUSSION
This study used data of farm-level technical and economic factors to obtain insight into factors that might be associated with the use of antibiotics on pig farms in the Netherlands. The data set included pig farms that take part in LEI FADN data collection as well as additional data collection on animal medicines, with LEI FADN farms considered representative for all farms in the Netherlands. Based on the 2 selected sets of farm factors, the study (sub)sample was representative for the entire LEI FADN sample of pig farms. The main advantage of this study is that it used real-life data collected on private farms, mostly based on farm accounts, and thus not subject to recording bias.
Antibiotics vary in their potency and pharmokinetic properties, and this is manifested in varying dosages per kilogram of BW. The measurement unit used in this study, NDD i , is suitable for calculating total exposure of pigs to different antibiotics, and making comparisons, for example, between groups of pigs. This unit conforms to international developments in this field and developments in the human sector (Mevius et al., 2007) . Other measurement units to quantify antibiotic usage, such as number of treatment days or associated costs, are used. Different measurement units have shown to give different results, highlighting the importance of choosing the right measurement unit (Chauvin et al., 2008) . For the aim of the current study (i.e., the selection of farm factors that are associated with the use of antibiotics, NDD i ) was considered most appropriate. When the antibiotic treatments themselves are studied in more depth, including the characterization of different classes of antibiotics and their trends in time, other measurement units may be chosen. The NDD i of antibiotics is expressed per average pig present on the farm. This theoretical pig, representing an average pig (having an average BW) that is present on the farm the entire year, receives antibiotics for the specific number of days. For the sow farms, average daily dosages were expressed per average piglet present on the farms since birth, considering the orally given antibiotics only. As oral administration to sows is negligible and the piglets are sometimes also treated with injectable antibiotics, this number may have given an underestimation to the true antibiotic treatment of piglets. Obviously, the average piglet present is theoretical as piglets will not stay on the farm the entire year. The average number of dosages for the true period a piglet is present on the farm can be calculated from this average NDD 2 . For example, an average of 130 daily dosages per average piglet (overall average NDD 2 found in this study) implies that a piglet that is present on the farm for 60 d receives, on average, antibiotics on 21.4 d (35.6% of the period). This study showed that, both on the fattening pig and sow farms, (Casewell et al., 2003) . This is supported by findings from Scandinavia, where a temporary increase in antibiotic treatments for clinical disease, mainly diarrhea after weaning, was found after introduction of the ban for AMGP (Bengtsson and Wierup, 2006; Møller Jensen, 2006; Vigre et al., 2008) . This study showed that also in the Netherlands, the increase in the use of antibiotics was temporary, lasting during the year 2006.
Both at the fattening pig and the sow farms, NDD i varied greatly between individual farms. In 2004 and 2005, some farms were able to raise pigs without applying antibiotics (Table 2) . On the other hand, maximum NDD i values showed that there are farms that are very intensive antibiotic users [e.g., the maximum value of NDD 2 in 2007 exceeded 365 implying that the piglets received even more than 1 dosage per day (1.09 doses) over the entire period they were on the farm]. Consistently, the Lorentz curves also show that some farms are "heavy users" as 20% of the farms use about 45% of the antibiotics, both on the fattening pig and sow farms. The large between-farm variation in the use of antibiotics in the Netherlands corresponds to values reported from other countries, including Belgium (Timmerman et al., 2006) and France (Chauvin et al., 2002) . Variations may be due to differences in hygiene status, prophylactic use, and treatment decisions made by the farmer or the veterinarian or both (Timmerman et al., 2006) . This study showed that both on the sow and fattening pig farms the use of antibiotics on individual farms is relatively stable over the 4 yr of the study period (variation due to year relative to variation due to farm is very low). In other words, farms that use greater amounts of antibiotics in 1 yr will also do so in the next year, whereas farms that use decreased amounts in a particular year may also use less in the other years.
Our study showed that antibiotic use, both on sow and fattening pig farms, was mainly influenced by farm system and number of pigs present on the farm, and for sow farms only, antibiotic use was also affected by the population density in the region of the farm. The greater number of pigs present on the farm may result in a greater probability of infection, which can explain the increased antibiotic treatments on large farms. Increased infection at larger farms has been reported previously (Österberg et al., 2006; Hautekiet et al., 2008; García-Feliz et al., 2009) . It may also be hypothesized that workers on large farms spend less time inspecting individual animals and use antibiotics in a more preventive manner as compared with the workers on small farms. However, it remains unclear whether this applies to the current study because the number of pigs present on the farm was positively correlated with factors related to the amount of human labor available. Fattening pigs received the least number of antibiotic treatments when they were raised on farrow-to-finish farms, followed by specialized fattening pig farms, and the greatest amount on mixed farm systems. These findings probably relate to a greater infection risk with increased animal movement to mixed farms and mixture at the farm. For the sow farms, the results of the current study were contrary to this hypothesis, as piglets on specialized sow farms received fewer antibiotics compared with piglets on farrow-to-finish farms. Probably, this finding is due to the fact that on the farrowto-finish farm systems the term piglet is used for a longer period of time than on the specialized sow farms. The region of the farm location was found to affect the number of treatments given to the piglets, with a greater use on farms located in densely populated livestock areas as compared with farms in less densely populated livestock areas. As was seen in an outbreak of classi-cal swine fever in the Netherlands, the probability of a neighborhood infection decreases with an increased distance to an infected herd (Elber et al., 1999) . Therefore, regions with a large number of pig farms may have a greater spread of infection (de Jong et al., 2009) . Antibiotic use on sow farms is thus influenced both by the number of animals within a farm as well as by the number of farms within a specified region.
The underlying idea of investigating farm factors that are related to the application of antibiotics on pig farms was to select factors that could be used to identify farms that use more antibiotics. These factors and their underlying reason could probably be used in policy making, to provide farm-specific advice, or for more intensive control of these farms (e.g., in educating farmers and veterinarians on strategies to minimize antimicrobial resistance; European Commission, 2009). Our study results showed that, indeed, some factors were significantly associated with the number of antibiotics applied and, therefore, could be used to identify farms for their antibiotic use. These factors, including farm system, farm size, and region (in case of sow farms), are easy to collect and to register. The study results imply that farm advice and farm investigation to reduce the inappropriate use of antibiotics could be distinguished by these factors. For example, advice to farmers (and their veterinarians) could be differentiated to farm system. As farms that used greater antibiotics in 1 yr were shown to be very likely to also do so in the next years, it is very worthwhile to invest in specific and effective advisory programs. In Scandinavian countries, campaigns on optimal disease preventive management routines and guidelines on antibiotic therapy in food animals proved to be useful in diminishing antibiotic use (Bengtsson and Wierup, 2006) .
Out of the initial selected sets of 16 and 19 factors for fattening pig and sow farms, respectively, only a few factors showed to be significantly associated with the use of antibiotics. Excluding factors that were correlated with each other and selecting the model with the best set of explanatory factors were done with great care, considering underlying biology/physiology as well as statistical arguments. Therefore, the applied selection methodology is considered to have resulted in the best set of explanatory factors, from both biological and statistical perspectives. Obviously, many of the investigated technical and economic factors, like amount of feed used and BW of the piglets, were not associated with the on-farm antibiotic use. The resulting unexplained variance, therefore, may be due to factors from other influential fields. For example, behavioral factors have been shown to affect the attitudes of farmers toward disease control (Ellis-Iversen et al., 2010) . Therefore, it is recommended to investigate the potential effect of socioeconomic-related factors, like attitude of farmers and veterinarians toward the use of medicine and risk perception, on the use of antibiotics in future research. Insight into the roles of these factors may help further to effectively address the problem of diminishing the use of antibiotics.
